Chitosan interaction with chitosanase was examined through analysis of spectral line shapes in the NMR HSQC titration experiments. We established that the substrate, chitosan hexamer, binds to the enzyme through the three-state induced-fit mechanism with fast formation of the encounter complex followed by slow isomerization of the bound-state into the final conformation. Mapping of the chemical shift perturbations in two sequential steps of the mechanism highlighted involvement of the substrate-binding subsites and the hinge region in the binding reaction. Equilibrium parameters of the three-state model agreed with the overall thermodynamic dissociation constant determined by ITC. This study presented the first kinetic evidence of the induced-fit mechanism in the glycoside hydrolases.
Introduction
Chitin, β-1,4-linked polysaccharide of N-acetylglucosamine (GlcNAc), is the second most abundant biomass next to cellulose (Younes and Rinaudo 2015) , yet, the chitin biomass is not readily utilized due to its chemical recalcitrance. Chemical or enzymatic deacetylation of chitin produces chitosan, the amorphous and highly reactive β-1,4-linked polysaccharide of glucosamine (GlcN) (Pareek et al. 2013) . The chitosan polysaccharide can be degraded by chitosanase (EC 3.2.1.132) (Monaghan et al. 1973) producing chitosan oligosaccharides, which represent the new opportunity for drug development (Raafat et al. 2008; Rhoades et al. 2008; Wang et al. 2007 ). Most chitosan polysaccharides are not completely deacetylated thus containing variable fractions of GlcNAc and GlcN. The chitosanases hydrolyze the glycosidic linkages between GlcN residues as well as the linkages between GlcN and GlcNAc (Fukamizo et al. 1994 ).
Substrate-binding site of the chitosanase is composed of several subsites, each of which accommodates a monomer unit of the polysaccharide substrate. Particularly, in the family GH46 chitosanase from Streptomyces sp. N174, CsnN174, the substrate-binding cleft features three subsites on each side of the catalytic center (Fukamizo and Brzezinski 1997; Tremblay et al. 2001) . According to the subsite nomenclature proposed by Davies et al. (1997) , these subsites were designated as −3, −2, −1, +1, +2, and +3, where the glycosidic bond located in between −1 and +1 subsites is cleaved by the concerted action of catalytic residues Glu22 and Asp40 (Fukamizo and Brzezinski 1997) , and the individual subsites are positively numbered from the bond-cleavage site to the reducing end and negatively numbered to the non-reducing end. Such a long substrate-binding cleft enables the enzyme to strongly bind to the polysaccharide chain and provide for specificity of the substrate recognition as was demonstrated for the chitosan hexamer (GlcN)6 Fukamizo and Brzezinski 1997) .
Recently, three-dimensional structure of chitosanase OU01 from Microbacterium sp. (CsnOU01), whose amino acid sequence is 60% homologous to that of CsnN174, was solved by X-ray crystallography in a complex with chitosan hexamer (GlcN)6 (Lyu et al. 2015) . The two chitosanases were found to have a similar fold, and the complex structure revealed interaction of (GlcN)6 with the enzyme binding cleft highlighting the dominant role of the −2, −1 and +1 subsites in substrate binding and catalysis. Since most polysaccharide hydrolases have a longextended binding cleft, oligosaccharide ligands frequently used for enzymatic analysis of the enzymes may bind to the binding cleft in multiple ways resulting in complicated binding isotherms. For example, two different binding sites were identified in CsnN174 for the chitosan trimer, (GlcN)3, by fluorescence quenching experiments (Katsumi et al. 2005) .
A comparison of the chitosan-free and chitosan-bound forms of CsnOU01 reveals that the enzyme must undergo the opening conformational transition to allow for the chitosan polymer binding, while the protein structure must close upon the substrate for catalysis and open again for the product release (Lyu et al. 2015) . A similar conformational change was also reported in a family GH19 chitinase from rye seeds (Ohnuma et al. 2013) , indicating a close relationship between the mechanisms of GH46 and GH19 enzymes . Ligand interactions coupled to conformational changes in protein structures may be sensitively resolved using nuclear magnetic resonance (NMR) line shape analysis (Agafonov et al. 2014; Günther and Schaffhausen 2002; Kaplan and Fraenkel 1980; Kern et al. 1995; Mittag et al. 2006 Mittag et al. , 2003 Rao 1989) . In this report we analyzed NMR line shapes in titrations of CsnN174 chitosanase with substrate and product molecules to illuminate the mechanism of coupling between ligand binding and the conformational change in the protein structure.
Results
To probe the mechanism of the protein-ligand interactions in chitosanase, we conducted NMR titrations with substrate-and product-like chitosan oligomers, (GlcN)6 and (GlcN)3, of the catalytically incompetent E22A mutant, in which the catalytic residue Glu22 was mutated to alanine, as well as the wild-type protein (for the product). Figure 1 demonstrates a representative overlay of a series of 1 H-15 N HSQC spectra obtained in a titration of the E22A mutant with (GlcN)6. A number of the assigned NH cross-peaks, including N23, W28, A30, G39, G43, G47, G153, T157, and D232, were significantly perturbed by addition of chitosan oligomers. Figure 2 shows the backbone superimposition of the substrate-bound closed conformation of CsnOU01 (Lyu et al. 2015) with the ligand-free open form of CsnN174 . Residues with resolved NH cross-peaks sensitive to ligand binding are indicated on both closed and open structures to highlight their localization to the important functional regions of the enzyme. Specifically, the D232 and N23 are found in the "plus" chitosan binding subsites (the subsites with positive numbers) (Fukamizo and Brzezinski 1997; Tremblay et al. 2001 ) while G153 and T157 are residues of the "minus" subsites (subsites with the negative numbers). Residues G39 and G43 are located directly above the binding cleft and the catalytic site. The group of residues including W28, A30, G47 is relatively distant from the substrate binding site (>10 Å to the closest chitosan atom) and located in the hinge region that experiences conformational changes upon the opening-closing transition. To visualize the "hinge role" of these residues, we simulated normal modes in the ligand-free chitosanase structure. The Supplementary Movie 1 demonstrates the lowest non-trivial normal mode that interconverts the open and closed enzyme conformations. Notable that residues N23 and G39 are the nearest neighbors of the catalytic residues E22 and D40 thus capable of reporting on rearrangement of the active site into the conformation resembling the catalytic state of the chitosanase. Titration of the E22A CsnN174 with the substrate, chitosan hexamer, revealed a common line shape evolution pattern: the initial resonance was shifting and disappearing upon titration progress while a peak of the ligand-bound state appeared in the new location (Fig. 1 ). This pattern may be caused by four possible molecular mechanisms (Kovrigin 2012) : (A) pre-existing dimerization equilibrium when the dimer is incapable of ligand binding, (B) dimerization of the bound state to form a dimer that cannot dissociate the ligands, (C) binding of two ligand molecules to different binding sites, and (D) the ligand binding followed by isomerization to a tightly bound complex (the induced fit mechanism) (Fig. 3) . It is unlikely, that two substrate molecules may be bound at the same time to chitosanase because the long-chain oligosaccharide such as (GlcN)6 is known to fully engage the binding cleft (Lyu et al. 2015 )-eliminating two-binding site mechanism Fig. 3c . The dimerization of chitosanase in ligand-free or bound forms (Fig. 3a, b) is expected to approximately double the rotational correlation time of the enzyme leading to the increased observed line widths (see Supplementary section "Estimation of the monomer and dimer line widths"). Dimerization of the bound state in the slow exchange regime (Fig. 3b ) results in the resolved resonance of the dimer, therefore this mechanism may be readily detected through the line width measurements of the free and bound states. The mean proton line widths of the ligand-free and substrate-bound chitosanase samples were 30 and 29 Hz, respectively, with the standard deviation of 5 Hz (Supplementary section "Measurement of proton line widths"). Since the bound form of the enzyme did not demonstrate significantly increased line width, the mechanism with dimerization of the bound form ( Fig. 3b) was also eliminated.
We tested relative ability of the two remaining mechanisms in Fig. 3 , panels a and d, to account for the experimental data by fitting of both mathematical models to a series of 1D spectral datasets of resonances of W28, G39, G153, and T157 resolved in proton dimension, and G43 and T157 resolved in the nitrogen dimension using IDAP NMR line shape analysis software (Kovrigin 2012) . Results in the Fig. 4 demonstrate that both mathematical models are capable of reproducing general features of the experimental datasets. The induced fit model (U-RL, Fig. 3d ) was capable of fitting all datasets in one global fitting session to a single set of kinetic and thermodynamic constants (Fig. 4, top row) . We obtained values of equilibrium dissociation constants of 42 µM and isomerization constant of 3.9 with the reverse rate constants of 30,000 and 9 s −1 for the dissociation and isomerization, respectively. Fig. 4 Representative NMR line shapes from the titration E22A CsnN174 chitosanase with (GlcN)6 fit using the IDAP software with two alternative models: the induced-fit mechanism (U-RL, top row) and the protein dimerization in a free state with ligand binding to a monomer (U-R2, bottom row). The 1D spectral slices correspond to ligand to protein molar ratios of 0 (black), 0.5 (red), 1 (green), 1.5 (blue), 2 (cyan), 3 (magenta), 4 (gray). The U-RL model fit the data for six residues in one global fitting session to a single set of kinetic and thermodynamic constants. The U-R2 model was not capable of fitting all data to a single set of global parameters; the presented graphs are from individual fitting sessions for each residue
The model with chitosanase dimers incapable of binding a ligand (U-R2, Fig. 3a) did not successfully fit all datasets in one session. The reason to that became obvious after fitting each dataset individually-the model required vastly different values of equilibrium and rate constants for different residues. The major challenge for the U-R2 model was to satisfy a narrow line width of the initial resonance despite the increased line width of the dimer relative to the monomer. The optimization algorithm achieved the desired narrow line widths by shifting the population of dimer-monomer equilibrium predominantly to the monomer (extremely low dimerization constants). However, to be able to account for significant peak shifts observed during titrations, the U-R2 model required nonsensical values of the chemical shift of a dimer (600-15,000 ppm) and unrealistically fast dimer dissociation rate constants of 10 9 -10 11 s −1 to maintain the fast-exchange regime-indicating that the real molecular mechanism is unlikely to resemble the U-R2 model in Fig. 3a .
To further improve our confidence that U-R2 model was not a correct choice, we analyzed variation of the chemical shifts and line widths upon dilution of the ligand-free chitosanase sample. Dilution of the sample with the monomer-dimer equilibrium in fast exchange will shift the averaged peak towards the monomer and result in a narrower line width. Supplementary  Fig. 2 and 3 reveal insignificant changes in line widths and chemical shifts of the signals supporting rejection of U-R2 model as a possible mechanism for chitosanase interaction with its substrate.
Considering the "closed" conformation of the substrate-bound chitosanase observed in the crystal (Fig. 2, green tube) , we may assume that in solution the conformation of CsnN174 tightly bound with (GlcN)6 is also similarly closed. Titration with the product, (GlcN)3, (Fig. 5) revealed that chemical shifts of the hinge residues in the substrate-and product-saturated CsnN174 are nearly identical. Similarity of the magnetic environments of the hinge residues in the end states of both titrations indicates that the product is also capable of inducing the closed enzyme conformation (albeit at much greater solution concentrations). Using Isothermal Titration Calorimetry (ITC) we measured the equilibrium dissociation constants for the product and substrate interaction with the enzyme to be 1120 ± 70 and 22 ± 3 µM for (GlcN)3 and (GlcN)6, respectively (Supplementary Fig. 4 ; Supplementary Table 1) . Assuming similar diffusion-limited on-rate constants, the off-rate constant of the product is expected to be, at least, one order of magnitude faster than that of the substrate leading to the fast-exchange regime in NMR spectra. This is in agreement with the averaged shifting peak pattern observed in chitosanase-product titration (Fig. 5, right column) .
The exchange-averaged line shapes such as in (GlcN)3 titration in Fig. 5 cannot provide enough information for unambiguous determination of the product interaction mechanism (Kovrigin 2012) . One of the means to reduce the conformational exchange rate constants without altering chemical structure of the protein is deuteration, which results in increased energy barriers for the hydrogen-bond making and breaking (Kohen 2003; Kovrigin and Loria 2006; Krantz et al. 2000) . To obtain the protein sample with some hydrogen bonds replaced with the deuterium bonds, we expressed CsnN174 on the deuterated medium and partially backexchanged the protein to protonated water to allow for the amide NH signal detection. Due to different solvent accessibility, some of the amide groups (for example, G47) remained deuterated resulting in the slower conformational exchange regime in the protein structure. Figure 6 demonstrates the line shapes of the hinge residues in the perdeuterated CsnN174 (wild-type-in this experiment) recorded in the (GlcN)3 titration. The fast-exchange pattern observed in Fig. 5 (right column) is replaced with the fast-exchange disappearing peak accompanied by a growing slow-exchange resonance of the bound state resembling the substrate titration line shapes in Fig. 5 (left column) . We observe that the second step in the chitosan interaction with CsnN174 is significantly deccelerated with deuteration revealing (at least) the three-state binding mechanism. Since the residues W28 and A30 are localized to the hinge region of chitosanase, we may conclude that binding of the product is likely to proceed through a similar induced-fit steps as binding of the substrate. The "hooked" peak shift of W28 indicates the second product molecule binding to the closing enzyme, which is in accord with our ITC results (Supplementary Table 1 ) and the literature reports (Katsumi et al. 2005 ). To allow for a more accurate determination of quantitative parameters of the substrate binding mechanism in CsnN174, we performed fitting of the experimental NMR HSQC spectra of the titration of protonated E22A chitosanase with (GlcN)6 using the two-dimensional NMR line shape fitting software TITAN (Waudby et al. 2016) . Two-dimensional line shape analysis allows for fitting of peaks that appear in crowded regions such as N23, A30, and G47, for which the one-dimensional line shape extraction used in IDAP was not reliable. The total of nine amide NH peaks (residues N23, W28, A30, G39, G43, G47, G153, T157, and D232) were simultaneously fit with the induced-fit model optimizing the residue-specific chemical shifts and line widths along with the common equilibrium and rate constants for the association and isomerization steps. Quality of fitting of experimental HSQC datasets with the induced-fit model in TITAN is demonstrated in Supplementary Fig. 5 . The peak positions and apparent relaxation rates of the initial ligand-free state were determined from fitting the single dataset corresponding to free CsnN174. The peak positions of the encounter complex, RL, and the final bound state, RL*, were determined from simultaneous fitting of all titration points. Chemical shift differences between the R, RL, and RL* states calculated with the Eq. 1 are plotted in Supplementary Fig. 6 while Supplementary Fig. 7 summarizes the best-fit apparent relaxation rate constants and supplementary Table 2 gives the global equilibrium and kinetic parameters. Similar quantitative analyses of the product titrations of protonated CsnN174 in the fast-exchange regime resulted in unstable best-fit results. In the deuterated sample, the degree of back-exchange was difficult to control thus rendering best-fit parameters qualitative. Therefore, in this paper, we focused on the chitosanase interaction with the substrate leaving the product interactions for future work.
Discussion
Consideration of the "open" and "closed" crystal structures of CsnOU01 (Fig. 2) along with kinetic and thermodynamic studies led to the proposed induced-fit interaction mechanism (Lyu et al. 2015) . Site-resolved analysis of chemical shift perturbations may be informative on relative roles of different residues in separate steps of enzyme-substrate interactions. Figure 7 visualizes chemical shift perturbations reported in Supplementary Fig. 6 for each of the two kinetic steps as well as the overall chemical shift perturbation due to the full process. As might have been anticipated, the residues N23, G153, and T157 show significant perturbation in the ligand-binding step (Fig. 7a) as they are directly implicated in binding interactions with the chitosan substrate. G153 and T157 are less perturbed in the second step-readjustment of the enzyme-substrate complex to the tightly bound species (Fig. 7b) . Fig. 7 Mapping of chemical shift perturbations in the two kinetic steps of the mechanism of substrateenzyme interaction in CsnN174. The NH groups (spheres) were colored according to the magnitude of the chemical shift perturbations: blue, below the lower threshold in Supplementary Fig. 6 ; green, between the lower and upper thresholds; and red, above the upper threshold It is remarkable that hinge residues W28, A30, and G47 are perturbed to a greater degree in the fast initial step of the mechanism than in the second, slow step (cf. Fig. 7 panels a and b) . One may propose two possible explanations for this observation. The chitosan is a highly charged molecule; therefore, formation of the encounter complex may be sensed far beyond the binding cleft of CsnN174. In this scenario, the chemical shift perturbations in the hinge due to the substrate binding could exceed ones induced by a subsequent conformational change due to closing of the enzyme in the slow step ( Supplementary Fig. 8a ). The alternative explanation of the relatively greater perturbation of the hinge in the first step assumes that closing of the enzyme actually happens during the fast phase of the binding process. In this case, slow rearrangement in the second phase must be of much smaller scale-occurring mostly around the residues of N23 and G39 located in the immediate neighborhood of the catalytic Glu22 and Asp40 ( Supplementary Fig. 6, Fig. 7b) . Essentially, the second explanation implies a four-state mechanism with formation of the open first-encounter complex followed by fast hinge closing followed by a slow conformational readjustment (Supplementary Fig. 8b ). The first two transitions would occur in the fast-exchange regime, therefore not resolvable in our analysis.
One may note that the off-rate constant for the substrate-binding step was determined to be quite large-on the order of 20,000 s −1 (Supplementary Table 2 ). In the three-state induced-fit mechanism ( Supplementary Fig. 8a ), it would describe dissociation of a weak initial encounter complex, which is expected to be labile. The equilibrium dissociation constant and the off-rate constant determined by line shape fitting corresponded to the second-order association rate constant of ca. 5 × 10 8 M −1 s −1 , which is in a diffusion limit. Considering positively charged chitosan substrate and the negatively charged enzyme binding site, the on-rate is likely to be accelerated by their mutual electrostatic attraction.
In simulations of fast-exchange mechanisms published previously, one of us demonstrated that the sequential fast-exchange transitions between three states produce line shapes that are difficult to discern from a simpler two-state model (Kovrigin 2012) . However, it was remarkable that the observed line shape evolution should have appeared in a significantly slower exchange regime than might be expected from the exchange rate constants of the individual steps (Fig. 4 in (Kovrigin 2012) ). Therefore, the four-state model in Supplementary Fig. 8b would require unrealistically fast kinetics in binding and closing steps to still yield the overall reverse rate constant of 20,000 s −1 in the fast phase of the process. Based on these considerations, we chose the three-state model with fast formation of a weak open encounter complex followed by slow closing of the enzyme into a catalytically competent state to be the most likely chitosanase mechanism ( Supplementary Fig. 8a ).
The apparent dissociation constant of the substrate-enzyme complex determined in our ITC measurement, Kd,ITC = 22 ± 3 µM, may be compared with NMR-derived parameters of the threestate mechanism considering a relationship of the overall dissociation constant of the multistep mechanism to equilibrium constants of the individual steps: Kd,overall=Kd,RL/Kiso. Substitution of the best-fit parameters yields overall Kd of 12 ± 4 µM, which is close but not identical to the ITC result, likely, due to systematic biases in ITC and NMR analyses as well as possible underestimation of the best-fit uncertainties.
From the relatively slow kinetics of the induced-fit step, we can anticipate closing of the initial enzyme-substrate complex to be the rate-limiting step of the chitosan hydrolysis. Small magnitude of the isomerization equilibrium constant between open and closed states of chitosanase (Supplementary Table 2) indicates that the two protein conformations are nearly isoenergetic, separated by ΔG 0 of only 2.8 kJ/mol. With such a weak preference for the closed state, the slow kinetics of interconversion might serve as a "lock" ensuring that the catalytically competent enzyme-substrate complex is sufficiently long-lived to allow for the effective chitosan cleavage. The product release following the catalytic reaction is expected to be fast as judged by the fast-exchange kinetics of the product titration series (Fig. 5 ) and low product binding affinity (Supplementary Table 1 ).
In conclusion, we revealed the induced-fit mechanism in the substrate-enzyme interaction in chitosanase CsnN174, which is the first kinetic demonstration for the multi-step substrate binding in the glycoside hydrolases. Our study emphasizes the power of the NMR line shape analysis to illuminate the distinct functional roles of different structural elements in the enzyme-substrate and product recognition. Complementing the NMR line shape analysis with NMR spin relaxation measurements and molecular dynamics simulations in the future work may enable building of a highly resolved structural picture of ligand interactions and internal conformational dynamics in chitosanase.
Methods

Vectors and bacterial strains
The pFDES vector (Sanssouci et al. 2011 ) was used for the expression of wild type and mutant CsnN174. The csnN174 gene (wild type or bearing the mutation E22A) was cloned as a HindIII-NotI fragment into pFDES digested with the same restriction enzymes. Streptomyces lividans TK24 ∆csnR (formerly ∆2657h) (Dubeau et al. 2009 ) was used as recipient for the recombinant plasmids.
